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The author would like to acknowledge the contributions of J. Randall Weatherby and J. G. Arguello of Sandia National Laboratories who have been involved with the development of the disposal room model since the beginning. The author would like to also acknowledge the support and assistance of WIPP Principal Investigator B. M. Butcher. Tables   Table 1. WIPP CH-TRU Waste Material Parameter Disposal Inventory (Butcher, 1997) 11 The performance assessment model requires estimates of the porosity of a waste-filled disposal room. Early performance assessment calculations assumed the porosity to be constant based on the waste composition. However, it became clear that realistic estimates of the porosity from a waste-filled, deforming room would be required. In addition, the effects of internal gas generation from decomposing waste would have to be included because the presence of the internally generated gas would greatly affect the closure of the disposal room. Realistic estimates of the change in disposal room porosity as a function of time require nonlinear finite element calculations which are expensive in both time and computer resources. The complete set of calculations, involving large numbers of analyses as required by the performance assessment methodology, made this approach totally unfeasible. Therefore, a simplified approach which effectively provided the necessary porosity data to the respository model was developed.
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A less computationally intensive relationship between the amount of gas generation potential and room porosity was developed by constructing a simplified porosity surface from a minimal set of nonlinear finite element analyses. In each nonlinear analysis, a porosity time history curve was determined for a specific gas generation potential. The collection of porosity histories for various gas generation potentials were then combined to form the porosity surface shown in Figure 1 . Interpolation on this surface could then be used by the repository model in the performance assessment calculation to correlate disposal room porosity with the amount of gas generation potential. This correlation is a simple matter of interpolation on the porosity surface.
This report documents the analyses performed to generate the porosity surface data for the final set of compliance calculations. This final set of calculations is based on presently accepted reference data for the stratigraphy, waste characterization, gas generation potential, and material response. The calculations were performed as described in "Analysis Plan: Final Porosity Surface Calculations, WBS 1.1.01.2.3, Rev 1, November 6,1995, WPO# 29792".
The next section of the report describes the disposal room model which includes information about the disposal room and the waste contents. The following section discusses the geomechanical model used for the analyses including descriptions of the idealized stratigraphy and the discretized finite element model. Also included in this section are descriptions of the constitutive models used in the analyses. References for the sources of all of the dimensions, values for constitutive model parameters, and other input information are given in (Butcher, 1997) . The fourth section presents the results of the analyses and is followed by a summary of the results. 
Disposal Room Model
The disposal plan for the WIPP calls for waste drums containing transuranic waste to be stored in long, rectangular shaped underground rooms mined in the bedded salt formations in southeastern New Mexico. With time, creep of the rock salt is supposed to close the rooms and encapsulate the waste. Various storage options for the waste have been considered.
The disposal room model is developed around a rectangular room 3.96 m high by 10.06 m wide by 91.44 m in length with an initial room free volume of 3644 m 3 . The current disposal configuration calls for 6804 drums of uniformly distributed unprocessed waste to be stored in the disposal room in 7-pack units. There are 972 of these units stacked three high along the disposal room floor. Unlike previous calculations which included a crushed salt layer around the waste and in the void space between the drums, the current analyses considered a disposal room with waste only, no backfill. The corresponding volume occupied by the waste and the drums is 1728 m 3 .
The transuranic waste form is a combination of metallics, sorbents, cellulose, rubber and plastics, and sludges. Table 1 summarizes the available data for characterizing the waste. The initial waste density, , is 559.5 kg/m 3 and the solid waste density, , is 1757 kg/ m 3 . The initial waste density is the sum of the densities of the constituent waste forms. Using the following definition of porosity, ( ), the initial waste porosity,
, is calculated to be 0.681 resulting in an initial solid volume of 551.2 m 3 . Using the initial solid volume allows us to calculate the initial porosity of the undeformed disposal room as 0.849.
The gas generation potential and gas production rate corresponding to the reference case are composed of gas from two sources: anoxic corrosion and microbial activity. Butcher 
(1997) reports that the estimated gas production potential from anoxic corrosion will be 1050 moles/drum with a production rate of 1 mole/drum/year. The gas production potential from microbial activity is estimated to be 550 moles/drum with a production rate of 1 mole/ drum/year. This means that microbial activity ceases at 550 years while anoxic corrosion will continue until 1050 years after emplacement. The total amount of gas generated in a disposal room for the reference case was specified to be based on the 6804 unprocessed waste drums per room. The total gas potential for the reference case is shown in Figure 2 .
The quasistatic, large deformation finite element code SANTOS (Stone, 1997) , version 2.0.0 installed on the Sandia Cray J916 computer, was used for the analyses. SANTOS is designed to compute the quasistatic, large deformation, inelastic response of twodimensional planar or axisymmetric solids. The solution strategy used to obtain the equilibrium states is based on a self-adaptive, dynamic relaxation solution scheme, which is based on explicit central difference pseudo-time integration and artificial mass proportional damping. The explicit nature of the code means that no stiffness matrix is formed or factorized which results in a reduction in the amount of computer storage necessary for execution. The element used in SANTOS is a uniform strain, 4-node, quadrilateral element with an hourglass control scheme to minimize the effects of spurious deformation modes. Finite strain constitutive models for many common engineering materials are available. A robust master-slave contact algorithm for modeling arbitrary sliding contact is implemented. SANTOS computes the pressure in an enclosed, but deforming volume, with a user supplied pressure-volume relationship and applies the resulting forces to nodes on the enclosure boundary. The gas pressure in the disposal room was computed from the ideal gas law based on the current free volume in the room. Specifically, the gas pressure, , was computed with the following relationship:
where , , and are the mass of gas in g-moles for the Baseline case, the universal gas constant, and the absolute temperature in degrees Kelvin, respectively. For the current analyses, the absolute temperature is taken to be 300 K. The variable is the current free volume of the room. During each iteration in the analysis, the current room volume is calculated based on the displaced positions of the nodes on the boundary of the room. The free room volume, V, is computed by subtracting the solid volume of the waste, 551.2 m 3 , from the current room volume. The gas generation variable, , is a multiplier used in the analyses to scale the pressure by varying the amount of gas generation. A value of =1 corresponds to an analysis incorporating full gas generation, while a value of =0 corresponds to an analysis incorporating no internal pressure increase due to gas generation.
The porosity surface defines the relationship between disposal room porosity, amount of gas present in that porosity, and time. Porosity can be computed directly from the disposal room deformed shape. The concept of the porosity surface comes from the observation that disposal room closure is directly influenced by gas generation and that disposal room closure results for f = 0.8 lie between those for f = 0.6 and f = 1.0. This observation allows a surface to be constructed incorporating the closure results for various values of f, which is a convenient way to express the amount of gas generation occurring.
Geomechanical Model Stratigraphy and Numerical Model
The idealized stratigraphy for the WIPP underground used in the geomechanical model is the stratigraphy as defined by Munson et al. (1989) . This stratigraphy is shown in Figure 3 with the disposal room located at the proper horizon. Recent work by Osnes and Labreche, included as an appendix in Butcher (1997) , has quantified the differences in room closure obtained by assuming different stratigraphic models which incorporate different numbers of clay seams and anhydrite marker beds. They compared a full stratigraphic model consisting of 12 clay seams and 7 anhydrite layers to analysis results using smaller combinations of clay seams and marker beds. Their work showed that room closure and room porosity results from the full model could be reproduced using the simpler models.
In preparing for the current analyses, the author performed a set of calculations (Butcher, 1997) which identified a simple stratigraphic model that captured most of the room closure and room porosity results seen in the more complex stratigraphic models. The stratigraphic model used in the current work is composed of mainly argillaceous salt with a clean salt layer above the disposal room between Clay G and Clay I, anhydrite MB 139, and a thin anhydrite layer located in the clean salt layer identified as anhydrite A. Based on the prior study by the author (Butcher, 1997) , no clay seams were included in the model. The final stratigraphic model used for the analyses is shown in Figure 4 .
A two-dimensional plane strain disposal room model, as shown in Figure 5 , was used for the SANTOS analyses. The discretized model represents the room as one of an infinite number of rooms located at the repository horizon. Making use of symmetry, only half of the room needed to be modeled. The left and right boundaries are planes of symmetry. The upper and lower boundaries are located approximately 50 m from the room. A lithostatic stress ( ) that varies with depth is used as the initial stress on the configuration and gravity forces are included. The model contains 1,680 quadrilateral uniform-strain elements and 1,805 nodal points. A zero-displacement boundary condition in the horizontal direction (Ux = 0.0) was applied on both the left and right boundaries of the model to represent the symmetry condition of a half-symmetry disposal room in an infinite array of rooms. A prescribed normal traction of 13.57 MPa was applied on the upper boundary and a vertical zero-displacement boundary condition (Uy = 0.0) was applied on the lower boundary to react the overburden load. An adaptive internal pressure, , was applied around the boundary of the disposal room.
The basic half-symmetry disposal room dimensions are 3.96 m high by 5.03 m wide with a significant portion of this area containing the stored CH-TRU waste. The waste is stored in 7-packs stacked three high along the drift with a height of 2.676 m. This storage configuration contains a large amount of void volume associated with each 7-pack. To obtain the waste volume dimensions used in the calculations, the assumption is made that each waste drum will laterally deform independent of one another. This void space between drums must be eliminated in order to have an accurate continuum representation of the ,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,,,, ,,,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,,,, ,,,, waste response. To eliminate the void space between drums, the assumption is made that the lateral deformation of a configuration of drums caused by inward movement of the walls of the disposal room is sufficient to eliminate space between the drums early in the closure process at low stress levels. In other words, the lateral deformation of the disposal room rib compresses the 7-packs causing the void space between the drums to be removed with little or no resistance by the waste drums themselves. This assumption allows calculation of an effective lateral dimension for the waste after lateral collapse of the space between the drums is complete. The lateral dimension of the waste drums within the disposal room is determined from the total initial waste volume of 1728 m 3 . Equation 2 was used to determine the compressed dimensions of the waste used for the continuum representation. In this equation, W 0 is the nominal uncompressed width of the stored waste in the disposal room (8.6 m), L 0 is the nominal length of the disposal room available for storing waste (89.1 m), and H 0 is the height of the three stacked waste containers (2.676 m). The quantity D in Equation 2 is the amount of space that must be eliminated between the drums. Note in Equation 2 that we have chosen to modify the length of the disposal room by the same amount, D. Solving for D, we find that the modified width of the waste is 7.35 m and the modified length is 87.85 m.
(EQ 2)
Contact surfaces were defined between the waste and room boundaries to model the contact and sliding that occurs as the room deforms and entombs the waste. Specifically, contact surfaces were defined between the waste and floor of the room, the waste and room rib, and the waste and ceiling. All of the contacts surfaces were allowed to separate if the forces between the surfaces reached a tensile value. This feature allows the room to reopen due to gas generation within the disposal room.
Halite Constitutive Model
A combined transient-secondary creep constitutive model for rock salt attributed to Munson and Dawson (1982) and described by Munson et al. (1989) was used for the clean and argillaceous salt. The model can be decomposed into an elastic volumetric part defined by,
(where the and the are the total strain and stress components, respectively, and is the elastic bulk modulus) and a deviatoric part defined by, 
where the s and s are constants, the s are activation energies, is the absolute temperature, is the universal gas constant, the s are the stress exponents, is the socalled stress constant, is the stress limit of the dislocation slip mechanism, and is the Heaviside step function with the argument . The material constants corresponding to the clean and argillaceous salt, used in the analyses, are given in Table 2  and Table 3 . 
Waste Constitutive Model
The stress-strain behavior of the waste was represented by a volumetric plasticity model (Stone, 1997) with a piecewise linear function defining the relationship between the mean stress and the volumetric strain. Compaction experiments on simulated waste were used to develop this relationship. The deviatoric response of the waste material has not been characterized. It is anticipated that when a drum filled with loosely compacted waste is compressed axially, the drum will not undergo significant lateral expansion until most of the void space inside the drum has been eliminated.
For the volumetric plasticity model, the yield surface in principal stress space is a surface of revolution with its axis centered about the hydrostat and the open end pointing into the compression direction. The open end is capped with a plane which is at right angles to the hydrostat. The deviatoric part is elastic-perfectly plastic so the surface of revolution is stationary in stress space. The volumetric part has variable strain hardening so the end plane moves outward during volumetric yielding. The volumetric hardening is defined by a set of pressure-volumetric strain relations. A flow rule is used such that deviatoric strains produce no volume change (associated flow). The model is best broken into volumetric and deviatoric parts with the deviatoric part resembling conventional plasticity. The volumetric yield function is a product of two functions, and , describing the surface of revolution and the plane normal to the pressure axis, respectively. These are given by
where a 0 , a 1 , a 2 are constants defining the deviatoric yield surface, p is the pressure, and is the volume strain. The form of g is defined in this problem by a set of piecewise linear segments relating pressure-volume strain. Table 4 lists the pressure-volumetric strain data used for the waste drum model and the data is plotted in Figure 6 . Note that the final point listed in the table is a linear extrapolation beyond the curve data given in Butcher (1997) . The final pressure of 12 Mpa corresponds to an axial stress on a waste drum of 36 Mpa. The elastic material parameters and constants defining the yield surface are given in Table  5 .
Anhydrite Constitutive Model
The anhydrite layer beneath the disposal room is expected to experience inelastic material behavior. The MB 139 anhydrite layer is considered to be isotropic and elastic until yield occurs. Once the yield stress is reached, plastic strain begins to accumulate. Yield is assumed to be governed by the Drucker-Prager criterion Figure 6 . Curve of the Pressure-Bulk Strain Input to the Volumetric Plasticity Model Used to Model the Waste Drums
where J 2 is the second deviatoric stress invariant and J 1 is the first stress invariant ( ). A nonassociative flow rule is used to determine the plastic strain components. The elastic properties and Drucker-Prager constants, C and a, for the anhydrite are given in Table 6 . 
Results of the Analyses
Analyses using SANTOS, version 2.0.0 installed on the Sandia Cray J916, were carried out to a simulation time of 10,000 years. Thirteen cases of gas generation were investigated, these were for =0.0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.6, and 2.0. The input file for one of the SANTOS analyses is included in Appendix A. The other input files are identical except for the title line. The gas generation parameter, f, is set in the user-supplied subroutine FPRES. A sample FPRES subroutine for f = 2.0 is given in Appendix B.
The results of interest from the analyses are the pressure buildup in the disposal room and the corresponding room porosity. Figure 7 shows the disposal room pressure histories for the various values of gas generation parameter, . Obviously for =0, the amount of gas generation is zero resulting in a zero pressure in the room for all times. As would be expected in all other cases, the room pressure rises during the gas generation period of 1,050 years. Thereafter in time, there appears to be a transition in the character of the response at about =0.5. For values greater than 0.5, the room pressure begins to drop after gas generation stops, and for values less than 0.5, the room pressure remains constant throughout the 10,000 year simulation. For example with =1.0 (full gas generation) the room pressure increases monotonically during the period of gas generation and reaches a value slightly larger than 21 MPa at 1,050 years. When the gas generation ceases at this time, the room pressure begins to drop, reaching a value of approximately 18 MPa at 10,000 years. For the highest values of f (1.6 and 2.0), there is very little difference in the maximum pressure reached, approximately 23 Mpa at 550 years. The pressure drops dramatically to 18 Mpa at 10,000 years and still appears to be decreasing as the internal gas pressure and overburden try to reach equilibrium. On the other end of the range for , an interesting case is =0.025 (i.e., 2.5 percent of full gas generation). The figure clearly shows that for even this tiny amount of gas generation, the pressure in the room rises significantly (3 MPa at the end of 10,000 years) to approximately 20 % of the value of the lithostatic stress at the repository horizon. Figure 8 shows the disposal room porosity histories for the thirteen cases of gas generation considered. As would be expected, the room porosity drops monotonically from its initial value of approximately 85 percent for the first 100 to 500 years, depending on the value of . Thereafter, once again, there appears to be a transition in response at about =0.5. For values of below that value, the porosity continues to decrease with time but at a slower rate, as equilibrium is reached between the internal gas pressure and the salt overburden. For values of greater than 0.5, the porosity starts to increase after reaching a minimum 0, 0.025, 0.05, 0.10, 0.20, 0.40, 0.50, 0.60, 0.80, 1.0, 1.2, 1.6 , and 2.0. Figure 9 and Figure 10 show a close-up view of the deformed mesh around the disposal room at 300 and 10,000 years, respectively, for f = 0.0. The deformed shape clearly shows that the maximum compaction of the waste is due to vertical closure of the room. At 300 years the vertical closure has reached 77 percent of its maximum value. Horizontal contact of the rib with the waste occurs at approximately 150 years. At 10,000 years, the waste has been compacted somewhat by horizontal closure of the rib but not significantly compared to the vertical compaction. Both figures show that the large deformations of the roof and floor result in contact with the rib at the corners of the room. The contact in the corners of the disposal room is an important feature of the analyses and the arbitrary contact surface capability in SANTOS allows it to be captured. The roof and floor are either in contact with the waste or in contact with each other which means that no significant void spaces are developed. This deformation mode results in a minimum free volume in the room.
The closure of the disposal room at 300 and 10,000 years for f = 0.5 is shown in Figure 11 and Figure 12 , respectively. As seen in the figures, the compaction of the waste is entirely due to vertical room closure since the deforming rib does not come into contact with the waste. No contact between the waste and rib occurs at any time during the f = 0.5 analysis. The gas generation is such that the room porosity is the same at 300 years as at 10000 years. The gas pressure essentially balances the overburden load so that the vertical closure of the disposal room becomes constant.
. 
Summary of Results
Calculations of the mechanical creep closure response of a disposal room with waste but without crushed salt backfill have been performed to allow three-dimensional porosity surfaces to be constructed for WIPP performance assessment activities. Data supplied to the performance assessment group consisted of room pressure and porosity histories for various gas generation rates for a period of 10,000 years following excavation and waste emplacement. Closure results from the calculations show rapid closure of the disposal room occurring during the first 100 to 500 years following excavation. Depending upon the amount of gas generation, the room will either continue to experience a decrease in porosity over time due to continued creep closure of the room or an increasing porosity due to the action of the internally generated pressure acting on the room boundaries. 
